This Letter demonstrates a laser rapid prototyping method that can be used for fabricating high-density resolution patterns of biomaterials. Ultraviolet femtosecond laser pulses have been used for directly printing a wide range of biomaterials in complicated patterns and structures. The ultrashort laser pulses reduce the thermal effects, thus allowing the effective deposition of sensitive biomaterials at high spatial resolution for microfabricating patterns. We present the microprinting of different biomaterial patterns, such as DNA ͑deoxyribonucleic acid͒ and proteins, with spatial resolution down to 50 m and we demonstrate that they maintain their properties and biological functions and, thus, can be practically used as biosensors.
This Letter demonstrates a laser rapid prototyping method that can be used for fabricating high-density resolution patterns of biomaterials. Ultraviolet femtosecond laser pulses have been used for directly printing a wide range of biomaterials in complicated patterns and structures. The ultrashort laser pulses reduce the thermal effects, thus allowing the effective deposition of sensitive biomaterials at high spatial resolution for microfabricating patterns. We present the microprinting of different biomaterial patterns, such as DNA ͑deoxyribonucleic acid͒ and proteins, with spatial resolution down to 50 m and we demonstrate that they maintain their properties and biological functions and, thus, can be practically used as biosensors. The fabrication of advanced microdevices ͑biosensors, lab-on-chip, medical sensors, and actuators͒ provides opportunities for better health studies and the fast monitoring of the spread of rare diseases. Sensors based on biological molecules may be used in advanced tools specifically designed to meet the demands of clinical, pharmaceutical, and industrial users, who need access to reliable DNA testing capabilities in an easy and friendly format. The transfer of biomaterials, nucleic acids, oligonucleotides, and proteins has been the basis for the development of biosensors and microarray chips. Previous techniques that have been developed for deposition of biomaterials rely on spotting, 1 inkjet, 2 and photolithography, 3 although the efficiency of transferring biomolecules by these methods is not always optimal. The vast majority of methods for depositing a plurality of biopolymer samples onto solid substrates are liquid deposition processes. Spots of biological samples at high densities have been produced by the use of pins or capillary dispensers that are dipped into the solution of the biological material and then used for generating spots on either porous materials or solid supports. 4 The contact spotting methods that use pins produce spots of variable sizes, due to differences between the pins and variations in the rheological properties of the liquid samples. Additionally, the impact of pins on the substrate surface limits the durability of the spotting tools and may cause defects on the substrate.
Liquid noncontact printing methods, such as "drop-ondemand" and inkjet" approaches, have also been used for spotting of biological liquid samples on various substrate surfaces. 5 These methods are uneconomical for valuable biopolymer samples and inherently limited by the viscoelastic properties of the samples.
Alternative deposition methods employ the direct synthesis of distinct oligonucleotides on solid supports, 3 which involve combinatorial schemes of chemical synthesis at discrete regions of the solid support. These methods require relatively expensive photolithographic and/or microfluidic processing equipment and are limited to the production of relatively short oligomers.
On the other hand, laser rapid prototyping has been used for the fabrication of three-dimensional periodic microstructures of metals and oxides, which are important for creating photonic 6 and electronic structures. 7 In the laser-based direct methods, such as the direct laser printing method ͑DLP͒, the structures are built directly without the need for masks, enabling rapid prototyping. The DLP method utilizes pulsed laser irradiation to remove and transfer material from a thin film of metal, oxide, or polymer, predeposited on an optically transparent support, onto a substrate placed in close proximity. A similar laser-based technique is the matrix assisted pulsed laser evaporation direct write ͑MAPLE/DW͒, which requires the assistance of transferring matrix materials. Ringeisen et al. 8 have used the MAPLE/DW technique in order to deposit patterns of active proteins, viable E. coli ͑Escherichia coli͒, and mammalian Chinese hamster ovary cells by means of nanosecond laser pulses.
In this Letter, we deposit biomaterials by the direct laser printing method, avoiding the use of any matrix material. High spatial resolution is achieved due to the use of femtosecond laser pulses that minimize melting and vaporization, and allow material transfer with a narrow angular divergence. A further advantage of the method is that labile biomaterials are deposited without significant damage, since the use of femtosecond laser pulses minimize the adverse thermal effects of the process and lowers the required energy threshold for transfer, compared with the nanosecond pulses.
Examples of direct microprinting of biomaterials, such as lambda bacteriophage DNA, bovine serum albumin ͑BSA͒ and glutathione S-Transferase ͑GST͒ protein patterns by the direct laser printing method are presented. A hybrid distributed feedback dye laser-KrF excimer laser, delivering 500-fs duration pulses of 10 mJ per pulse at 248 nm, was employed for this purpose. Details of the experimental setup and preliminary deposition results have been presented elsewhere. 9 The apparatus was comprised from the laser source and an image projection micromachining optical system, which performs mask projection onto the target with a large reduction basis ͑ϫ30͒. A holder capable of supporting a plurality of biomaterial targets was also used for the fabrication of different isolated structures or repetitions of adjacent features forming arrays or localized coatings, respectively.
The biomolecular solution was deposited on transparent fused silica wafers by the spin-on-disk method, followed by drying. The biomaterial films were selectively ablated and subsequently deposited on the substrates ͑receiver wafers͒, which were positioned in close proximity with the target materials at spot sizes from 10 to 100 m. The medium between substrate and target was air and the typical distance between the substrate and target material was 10 m. Figure  1͑a͒ shows the optical microscopy image of the microprinted lambda DNA rectangular spots ͑50 m ϫ 50 m͒ onto microscope slides, corresponding to a high-density microarray of 10 4 spots/ cm 2 . The laser energy fluence employed was 150 mJ/ cm 2 and for each spot one laser pulse was used. The lambda DNA was dissolved in 10 mM Tris͑hydroxymethy-l͒aminomethane chloride, 1 mM EDTA ͑Ethylenediaminetet-raacetic acid͒, with a pH of 8, at a concentration of 10 mg/ ml and then was deposited on fused silica substrate using the spin-on-disk method, resulting in a film of 250-nm thickness after drying. The functionality of the DNA was demonstrated in hybridization reactions following the DLP process. To achieve this, the material spotted onto the glass surface was recovered and was dissolved in water and then labeled by radioactive deoxynucleotides, using the random priming reaction kit ͑High Prime DNA labeling kit, Roche Diagnostics GmbH͒. The labeled material was then used to visualize the pattern of lambda phage DNA digested by Sty I restriction endonuclease, analyzed, and blotted onto a nylon membrane, according to the southern hybridization method. The quality of the deposited material was proven to be suitable for downstream hybridization analysis ͓Fig. 1͑b͔͒.
In order to investigate the versatility of the laser deposition method to other biological materials, we first studied the printing of bovine serum albumin ͑BSA͒ proteins ͑Fig. 2͒. An extensive pattern, such as an array of rectangular spots with resolution of 50 m ϫ 50 m onto microscope slides, was produced by using 550 mJ/ cm 2 laser fluence and 1 pulse per spot.
FIG. 1.
Printing of DNA molecules on glass. ͑a͒ An optical Microscopy image of the microprinted DNA rectangular spots ͑50 m ϫ 50 m͒ onto microscope slides, using a 248-nm KrF laser system with a 500-fs pulse duration, 150 mJ/ cm 2 laser fluence, and 1 pulse per spot, corresponding to a high-density microarray of 10 4 spots/ cm 2 ͑b͒, ͑c͒ A Southern blot of lambda phage DNA. The electrophoresis pattern of lambda phage DNA digested by Styl restriction endonuclease. Autoradiography of the blotted lambda phage DNA shown in ͑b͒, using the material spotted by laser printing for generating the specific probe ͑c͒. pBS is the pBluescript SK ͑+͒ phagemid 2958 base pairs and is used as a negative control for the hybridization reaction.
FIG. 2.
Printing of bovine serum albumin ͑BSA͒ protein on glass. A scanning electron microscopy image of the microprinted BSA array of rectangular spots with resolution 50 m ϫ 50 m onto microscope slides, using a 248-nm KrF laser system with a 500-fs pulse duration, 550 mJ/ cm 2 laser fluence and 1 pulse per spot. Protein-protein interactions as a potential application of printing protein patterns was also studied. The investigation of protein-protein interactions is a key element in proteomic studies. In order to investigate the ability of specific antibodies to recognize their respective antigens, we designed two proteins possessing epitopes, such as FLAG, an epitope comprised from eight amino acids, 10 Hemagglutinin ͑HA͒ and 6-Histidines ͑6His͒. The two protein structures were FLAG-GST-HA and FLAG-GST-6His ͓Fig. 3͑a͔͒. FLAG-GST-HA can interact with labeled anti-HA-Alexa 594 and anti-FLAG-Cy5 whereas FLAG-GST-6His can interact with anti-6His-FITC ͑FITC: fluorescein isothiocyanate͒ and anti-FLAG-Cy5.
The Glutathione S-Transferase protein was dissolved in 25 mM NaPO 4 , with pH 8, at a concentration of 1 mgr/ ml. The GST protein was deposited on a fused silica substrate using the spin-on-disk method. This gave rise to a film of 800-nm thickness after drying. The deposited material is of the order of 0.1 g/mm 2 . The binding capacity of the substrate surface determines the amount of protein that is retained on the substrate.
Figures 3͑b͒, 3͑c͒, and 3͑d͒ depict the fluorescence of the recognized Cy5, Alexa 594 and FITC, which corresponds to the printed images of the abbreviations "IMBB-IESL," "IESL," and "IMBB," respectively. In all images, the pattern IMBB was printed with FLAG-GST-6His protein, whereas IESL was printed with FLAG-GST-HA on an epoxy substrate. Then three identical slides were probed with three different fluorescent-labeled antibodies. Figure 3͑b͒ shows the fluorescence and the binding of the anti-FLAG-Cy5 protein in both patterns FLAG-GST-6His and FLAG-GST-HA. Figure 2͑c͒ shows the fluorescence of the anti-HAAlexa 594 and, consequently, the selectively binding of the antibody to epitope HA of the FLAG-GST-HA protein. Figure 2͑d͒ shows the fluorescence of the anti-6His FITC protein and the selectively binding of the antibody to epitope 6His of the Flag-GST-6His protein.
Our printing results demonstrate that the direct laser printing process is widely applicable and can be used to directly write micropatterns of biological molecules, such as DNA and proteins. This is a direct process in which biomaterials absorb the energy of the ultrafast laser pulses and can be deposited on the substrates without the assistance of any transferring matrix material. This simple, one-step process of DNA fabrication and protein microarrays in a repetitive and reproducible manner, may facilitate the in vitro study of proteins function on a genome-wide level. Finally, it is noted that this technique may be applied more widely for depositing patterns of different biopolymers on a variety of solid substrates.
